The polarimetric performance nonuniformity of a wire-grid polarizer (WGP) used in imaging polarimetry is investigated with a simple numerical model. The simulation results based on rigorous coupled-wave analysis show that the aperture ratio between the entrance pupil and the WGP significantly affects the uniformity among pixels of a WGP. Even with a WGP smaller than an imaging aperture, the results suggest that the design avoids incurring a Rayleigh anomaly, which causes a substantial increase in polarimetric nonuniformity. Minimizing the variation due to the characteristics of a WGP is important to reduce the likelihood of an error in imaging polarimetry.
Introduction
A wire-grid polarizer (WGP) is extensively used as a polarization-sensitive element in various applications, ranging from remote sensing to displays to biomedical engineering, because of the excellent polarization performance and planar structure that allow it to be easily pixilated and integrated into other optoelectronic devices. [1] [2] [3] [4] [5] The wire grids of a WGP are made of a good conductor; if the electric field is parallel to the wire grids (TE polarization), they absorb and do not sustain an electric vector in the surface. This makes the field strength of a TE polarization order propagating parallel to the surface much smaller than that of a TM order whose electric field is orthogonal to the wires of a WGP. In other words, an electric field oscillates orthogonally for the most part with respect to grating wires as the light is transmitted through a wire-grid grating polarizer.
This study theoretically investigates the performance uniformity in a standard implementation of imaging polarimetry that is based on a WGP and its implications in the design of such a system. A WGP shows good optical stability with respect to variation of the polar angle and azimuthal rotation. 6, 7 However, overall uniformity of polarization discrimination across a WGP and its effect on the performance of an imaging polarimetric system with a WGP have not been fully explored previously. 4,8 -11 A simplified optical setup of imaging polarimetry that does not employ any stop is described in Fig. 1 , where objects at a distance are imaged by a lens (L) onto a pixilated forward-looking WGP. Since an offaxis pixel captures an object at an angle that varies from pixel to pixel over a WGP, each pixel shows different polarization characteristics. The variation of polarization characteristics across WGP pixels indicates that an identical object is measured with unidentical intensity data by different WGP pixels, depending to a large extent on the line of sight of an object relative to the optical axis of the imaging polarimetry system. The pixel-to-pixel variation of the polarimetric detection of a WGP can potentially lead to misjudgment and should be minimized. In particular, many imaging polarimeters intend to obtain the Stokes parameters ͑S 0 , S 1 , S 2 , S 3 ͒ of an incident scene based on intensity measurement data such that 12
where ␣ is the orientation of a WGP pixel with respect to the reference axis and is a retardation between electric field components. It is apparent that the nonuniform polarimetric discrimination of WGP pixels causes the Stokes parameters of an identical object to be measured differently. For an implementation based on a rotating polarizer this variation may be compensated by calculating a Mueller matrix, which is a transfer function between input and output Stokes parameters. However, the compensation cannot be complete for a WGP pixel that integrates subpixels of different orientations because the nonuniformity also varies with subpixels. The goal of this study, therefore, is to understand the effect of various design parameters on the variation and uniformity of the polarimetric performance when imaging polarimetry employs a WGP as a polarization-sensitive element and furthermore to contrive an implementation that minimizes the variation. This paper is organized as follows: A numerical model is described in Section 2, and the results are presented in Section 3. Implications of the presented results to the design of an imaging polarimetry implementation are discussed in Section 4, which is followed by concluding remarks in Section 5.
Numerical Model
A WGP for a midwave infrared (MWIR) wave band of 3 Ͻ Ͻ 5 m is introduced. Although wire grids of different orientations are typically pixilated in a polarization sensor to obtain the full Stokes parameters of an incident scene by detecting multiple polarization components simultaneously, 9,13,14 the model setup shown in Fig. 1 of a pixilated WGP assumes the pixels of the wire grids are in an identical direction for simplicity. In particular, in the next section, a WGP with wires of different orientations will be briefly discussed. In Fig. 1 , an object is imaged by an imaging lens with an f-number of f͞# ϭ 2 in the image plane on a sensor that is assumed to be in contact with a WGP. D L and D WGP denote the diameter of the imaging lens and the WGP, respectively. f is the focal length of lens L. As a measure of the polarization contrast of a polarizer, an extinction ratio (ER), defined as the intensity ratio between TM and TE polarization components transmitted through a WGP, is introduced. The transmittance of the TM polarization component is also important, since poor TM transmittance requires a highly sensitive sensor element even with an excellent ER. For the numerical simulation, well-established rigorous coupled-wave analysis, also known as the Fourier modal method, was used in this study. 15 As for a pixel of a WGP, a simple grating structure is considered, in which a grating of gold is modeled on top of a silicon substrate. The grating has a square profile and a 50% fill factor. Typical semiconductor fabrication processes stipulate that a grating cannot be made too thick once a grating period is given. Also, the grating thickness should be large enough not to create evanescent modes at the top and bottom grating interfaces that may tunnel through the grating and participate in the multiple beam interference. The grating depth d is fixed at 250 nm in this study, unless otherwise noted. Optical parameters for gold and silicon were obtained from Ref. 16 and interpolated for the MWIR.
Results
The performance uniformity of a WGP correlates with the ER and the transmittance of the TM polarization at a maximum incidence angle that the farthest off-axis pixel captures in an input scene ͑ in ϭ max ͒, normalized to that of an on-axis pixel ͑ in ϭ min ͒. The normalized ER (NER) and normalized TM transmittance (NTMT) are defined as
where T in Eq. (1) denotes transmittance. From Fig. 1 , it can be easily shown that
The NER and NTMT characterize the maximum variation of an ER and TM transmittance with which different pixels of a WGP measure an identical object and thus can serve as a metric to quantify the polarimetric performance uniformity of a given WGP. The ratio of the ER and TM transmittance at in ϭ max to that of in ϭ 0°was also investigated as a performance measure that considers that the light incident on a pixel takes a range of incidence angles including normal incidence. The analysis showed the same trends with larger variations compared with the results based on the NER and NTMT defined in Eq. (2) . As the NER and NTMT deviate further from unity, either higher or lower, the WGP performance is less uniform. For example, if NER ϭ 1.2 and NTMT ϭ 1.0 for a WGP, it indicates that the WGP shows 20% nonuniformity in the ER while detected TM transmittance is fairly uniform. Equations (3) and (4) imply that a higher f͞# of an imaging lens or a smaller WGP leads to lower max and a NER and NTMT closer to unity, which indicates improved performance uniformity. Figure 2 presents the NER and NTMT with an aperture ratio ͑D WGP ͞D L ͒ for various grating periods (⌳) at ϭ 3 m while the f-number of the lens is fixed at f͞# ϭ 2. Note that only the zeroth diffraction order was considered in calculating the NER and NTMT and edge effects for outermost pixels were neglected. Figure 2 shows a general tendency that the NER and NTMT grow larger with a higher D WGP ͞D L , although the specific nature depends on the grating period. For small grating periods, the NER and NTMT grow monotonically. On the other hand, for larger grating periods, higher-order diffraction is excited at a large incidence angle due to a Rayleigh anomaly, affecting the ratios significantly. Generally, a Rayleigh anomaly, which is due to energy redistribution in the creation or cutoff of a higher diffraction order, affects the performance of a WGP adversely, since an ER and TM transmittance can be considerably low near a Rayleigh anomaly and the presence of higher diffraction orders can produce additional noise in the polarimetric sensor system. From the grating equation describing the momentum-matching condition between multiple diffraction orders, combined with Snell's law, the Rayleigh anomaly occurs if
where n s is the refractive index of a silicon substrate and m is an integer that represents a diffraction order. Equation (5) gives the aperture ratio at a Rayleigh anomaly as 1.77 for ⌳ ϭ 0.75 m and 0.91 for ⌳ ϭ 1 m, which confirms that the anomalous features shown in Fig. 2 are associated with a Rayleigh anomaly. The deviation in the ER and the TM transmittance are substantial even if a WGP is designed with fine wire grids. At D WGP ͞D L ϭ 1.0 and ⌳ ϭ 0.5 m, the deviation of the ER across pixels of a WGP is approximately 13%, whereas that of the TM transmittance is less than 5%. In Fig. 2 , it is interesting to see higher performance for off-axis pixels with a larger ER and TM transmittance, whereas pixels near the optical axis show worse performance when a Rayleigh anomaly does not occur. Figure 3 compares the effect of the grating depth d of wire grids on the NER. Although thicker wire grids provide a much higher ER and TM transmittance in general, Fig. 3 shows that there is no clear benefit to thicker wire grids in terms of the performance uniformity since the improvement is negligible for up to a moderate aperture ratio and is only visible for a WGP with a large grating period and D WGP ͞D L .
In practice, a WGP is limited in size and expensive to enlarge. Also, if D WGP ͞D L Ͼ 1, pixels located on the edge of the WGP are subject to vignetting even for an on-axis object. Therefore, a WGP is typically smaller than an imaging aperture. With D WGP ͞D L ϭ 1.0 as a worst-case scenario, Fig. 4 shows the NER and NTMT with grating periods. It is noted that the deviation of an ER is always lower than that of transmittances. An obviously significant effect of a Rayleigh anomaly in the range of ⌳ ϭ 0.8-1.0 m indicates that the Rayleigh anomaly not only degrades ERs and the transmittance of a WGP, but it also substantially deteriorates the uniformity. Figure  5 , on the other hand, presents the uniformity variation for ⌳ ϭ 0.5 and 1.0 m as the wavelength of an incident beam varies at D WGP ͞D L ϭ 1.0. Whereas the NER and NTMT for ⌳ ϭ 0.5 m are fairly constant with a deviation of less than 1%, those at ⌳ ϭ 1.0 m vary strongly due to the Rayleigh anomaly effect. Note that the deviation is especially strong at shorter wavelengths. At longer wavelengths, the effect of the Rayleigh anomaly subsides so that the NER and NTMT converge to those of shorter wavelengths.
As mentioned earlier, a complete polarimeter, which measures an input scene at four different polarization angles to obtain full Stokes parameters, needs a WGP pixilated with wire grids in four different orientations. General results of the polarimetric performance uniformity for a single orientation remain equally valid for a WGP with multiple orientations. In this case, intrapixel nonuniformity among subpixels of different orientations within a WGP pixel exists in addition to pixel-to-pixel variation. The intrapixel deviation varies depending on the relative location of a WGP pixel and can be substantial if a pixel is large. However, the intrapixel deviation is much smaller than the pixel-to-pixel variation.
Discussion
The results obtained in the previous section suggest design considerations for an imaging polarimetry implementation that minimizes performance variation. First of all, based on the results presented in Fig. 2 , it is beneficial to maintain an imaging aperture that is much wider than a WGP. This indicates that when an f-number of an imaging lens is fixed, a larger focal length benefits the uniformity, although it entails greater physical size. If the focal length is fixed, a lens of a larger f-number produces better optical uniformity. Such a lens is associated with an aperture narrower than that of a WGP and is subject to increased vignetting. 17 Second, the results presented in Figs. 4 and 5 emphasize the presence of significant nonuniformity when a Rayleigh anomaly is excited and thus indicate that a WGP should be designed to circumvent the anomaly. In order not to excite higher-order diffraction, the grating period of wire grids should be smaller than that at which a Rayleigh anomaly occurs. Although a large grating period facilitates the fabrication process, Eqs. (3)- (5) indicate that the grating period of wire grids should suffice:
where the ϩ (Ϫ) sign in the denominator is associated Fig. 3 . Effect of the grating depth of wire grids on the uniformity. with the excitation of a first-order diffraction with m ϭ Ϫ1 ͑ϩ1͒. Note that the issue of the polarimetric performance uniformity is irrelevant to the sensor sensitivity. In other words, the performance nonuniformity due to the optical characteristics of a WGP is present in a polarimetric sensor system even with the best sensitivity of a sensor element, unless nonuniform sensitivity is intentionally introduced into a sensor to compensate for the effect of a WGP.
Conclusion
The variation of the polarimetric measures of a WGP, such as an ER and the TM transmittance, have been investigated with a simple numerical model based on rigorous coupled-wave analysis. The results show that the aperture ratio is a major parameter that can significantly affect the uniformity, whereas the effect of the grating thickness on the uniformity is relatively restricted. Even if the ratio is small, the design of a WGP should avoid incurring a Rayleigh anomaly since it causes a substantial increase in nonuniformity in the polarimetric performance, especially for an incident beam at short wavelengths. Minimizing the variation due to the characteristics of a WGP is important to reduce the likelihood of an error that an identical object is detected differently in imaging polarimetry.
